Background: Ketamine is an N-methyl-D-aspartate receptor antagonist that has been shown to be useful in the reduction of acute postoperative pain and analgesic consumption in a variety of surgical interventions with variable routes of administration. Little is known regarding its efficacy in opiatedependent patients with a history of chronic pain. We hypothesized that ketamine would reduce postoperative opiate consumption in this patient population. Methods: This was a randomized, prospective, doubleblinded, and placebo-controlled trial involving opiate-dependent patients undergoing major lumbar spine surgery. Fifty-two patients in the treatment group were administered 0.5 mg/kg intravenous ketamine on induction of anesthesia, and a continuous infusion at 10 g kg Ϫ1 min Ϫ1 was begun on induction and terminated at wound closure. Fifty patients in the placebo group received saline of equivalent volume. Patients were observed for 48 h postoperatively and followed up at 6 weeks. The primary outcome was 48-h morphine consumption. Results: Total morphine consumption (morphine equivalents) was significantly reduced in the treatment group 48 h after the procedure. It was also reduced at 24 h and at 6 weeks. The average reported pain intensity was significantly reduced in the postanesthesia care unit and at 6 weeks. The groups had no differences in known ketamine-or opiaterelated side effects. Conclusions: Intraoperative ketamine reduces opiate consumption in the 48-h postoperative period in opiate-dependent patients with chronic pain. Ketamine may also reduce opioid consumption and pain intensity throughout the postoperative period in this patient population. This benefit is without an increase in side effects. K ETAMINE is an N-methyl-D-aspartate (NMDA) receptor antagonist that has been shown to be useful in the reduction of acute postoperative pain and analgesic consumption in a variety of surgical interventions with variable routes of administration. 1 It has multiple mechanisms of action, including but not limited to decreasing central excitability, decreasing acute postoperative opiate tolerance, and a possible modulation of opiate receptors.
presence and absence of opiates, nonsteroidal antiinflammatory medications, and acetaminophen. 2, 3 Intraoperative use of preventative ketamine has been shown to generate a modest reduction in acute postoperative opioid consumption (median 33%) and pain intensity (20 -25%) up to 48 h after the surgical insult. 4, 5 The clinical benefit, however, remains unclear, because (1) opiate-naive patients were largely enrolled; (2) patients typically consumed small amounts of opioid medications and were reasonably comfortable in the postoperative period, making it difficult to assess the impact of the reduction in analgesic consumption on opiate-related side effects; and (3) the sideeffect profile of low-dose ketamine was not well characterized. Thus, the last 15 yr has yielded little insight into the utility of preventative NMDA receptor antagonism in patients with a history of chronic pain who use opiate medications preoperatively. This has been suggested as a primary target for research, because patients with chronic pain are thought to be at increased risk of suboptimal postoperative pain management and consequently at increased risk of cardiopulmonary complications and chronic postsurgical pain. 6 -9 The primary hypothesis of the current study was that intraoperative preventative ketamine would reduce acute postoperative analgesic requirements in opiate-dependent patients with a history of chronic back pain who are undergoing painful surgery.
Materials and Methods

General Description
This was a randomized, prospective, double-blinded, and placebo-controlled trial investigating the efficacy of preventative ketamine infusions in patients with chronic pain who were undergoing elective back surgery. The study was conducted over a 2-yr period (February 2007 to April 2009) at Dartmouth-Hitchcock Medical Center (Lebanon, New Hampshire). Approval was obtained from the Committee for Protection of Human Subjects. Informed patient consent was obtained from all patients.
Adult patients with a history of daily opiate use for at least 6 weeks and chronic back pain for at least 3 months who were scheduled to undergo elective lumbar back surgery requiring in-patient admission to the hospital were considered eligible for enrollment if none of the following exclusion criteria were met: intolerance or known allergy to ketamine, increased intraocular pressure, uncontrolled hypertension, increased intracranial pressure, a history of psychosis, or pregnancy.
Patient Recruitment
The clinical schedules of participating surgeons were reviewed electronically on a daily basis for patients meeting inclusion criteria. Surgeons were notified in advance of patient eligibility so that they could conduct a preoperative discussion of the randomized clinical trial. On the day of surgery, the principal investigator and/or coinvestigators reviewed the study with the patients in the preoperative hold-ing area and obtained informed consent. Duration of daily opiate consumption was confirmed, and in accordance with clinical practice, baseline morphine equivalents were determined based on the preceding 24-h opiate requirements per patient report. The opiate class was tracked and recorded, and standard opiate conversions were used. 10 Patients taking only tramadol were not considered eligible for enrollment. Patients taking tramadol in addition to other opiate medications were included, but use of tramadol was tracked and recorded as an adjunctive agent for later comparisons. Patients were also identified by the primary anesthesia team, received a standard preoperative evaluation, and provided consent for general anesthesia.
Study Protocol
After consent, a computer-generated block randomization scheme was used to randomize patients in groups of eight to one of two treatment regimens: racemic ketamine (JHP Pharmaceuticals, Parsippany, NJ) or placebo (saline). Principal investigators, patients, nursing staff, and anesthesia providers were blinded to the treatment assignments during the entire hospital stay, through the first surgical follow-up visit, and during data analysis. All participants were asked to use a visual analog scale to rate their average daily pain preoperatively, postoperatively, and at the first follow-up visit.
A standardized anesthesia induction and maintenance protocol was followed. This protocol included 2 mg midazolam before leaving the preoperative holding area, 2-3 g/kg fentanyl before induction, 2-2.5 mg/kg propofol on induction, and isoflurane for maintenance of anesthesia. Unless contraindicated (fusion procedure), all anesthesia providers were asked to administer 15 mg ketorolac to patients before emergence. Nitrous oxide was not allowed because of its NMDA antagonistic properties. All additional adjunctive agents administered intraoperatively were tracked and recorded.
Patients were allowed to receive morphine while anesthetized up to their daily opiate dose, plus an additional 0.1 mg/kg morphine at or before emergence. Additional opiates could be used by the anesthesia team if clinically indicated. All patients were to have patient-controlled analgesia for initial postoperative pain control. Patient-controlled analgesia management was directed by the primary surgical service according to standard practice at Dartmouth-Hitchcock Medical Center. Typical management involved transition from the patient-controlled analgesia (morphine, fentanyl, or hydromorphone) to medications by mouth as needed on postoperative day 1 (after 24 h).
The study infusions were prepared by the investigational pharmacy preoperatively and labeled as study drug/placebo. Intraoperatively, the solutions were connected to preprogrammed infusion pumps so that the anesthesia provider would simply need to connect the pumps to the patients intravenously and run as programmed. All patients received 0.5 mg/kg of the study solution (assuming in all cases that the solution was ketamine at 10 mg/ml) on induction and an infusion of 10 g kg Ϫ1 min Ϫ1 started before incision and terminated on closure of the incision. In addition, all anesthesia providers were asked to provide 8 mg of dexamethasone (Decadron) on induction.
Intraoperative maximal and minimal heart rate and blood pressure were recorded by the anesthesia providers on the standard anesthetic record, and postoperative opioid requirements were followed for 48 h by the principal investigator(s). The incidence of opioid-related side effects (nausea, vomiting, urinary retention, hypoactive bowel sounds), number of house officer interventions, length of postanesthesia care unit (PACU) stay and hospital stay, and ketamine-related side effects during the perioperative period were systematically evaluated and recorded.
Basic demographic information [American Society of Anesthesiology Health Classification Status, SF-36 scores, age, sex, morphine opiate equivalents (milligrams per hour intravenous), baseline average daily pain intensity as rated on visual analog scales, baseline heart rate and blood pressure, opiate medication class (type), use of adjunctive medications (nonsteroidal agents, acetaminophen, synthetic opiates, lidocaine [Lidoderm patches], antidepressants, anticonvulsants, muscle relaxants, and anxiolytics), use of ␤-adrenergic receptor blockers and additional antihypertensive agents, functional status, history of prior back surgery, surgeon, surgical duration, estimated blood loss, and procedure type (number of levels, with or without instrumentation) were obtained and recorded. In addition, opiate and adjunctive medication type used in the intraoperative, postoperative, and 6-week follow-up visit were also tracked and recorded.
A follow-up visit coordinated with the first postoperative surgical visit was conducted by a research nurse to evaluate opioid use, use of adjunctive agents, use of conservative measures (physical therapy), and associated side effects through use of a standard survey. The functional status of patients was also reviewed at this time.
Statistical and Power Analysis
Power. We conducted a retrospective chart review of 20 opiate-dependent patients with chronic pain who underwent back surgery at Dartmouth-Hitchcock Medical Center in the 6-month period preceding protocol submission to the Committee for Protection of Human Subjects. Recorded information included mean values and SD for total opiate requirements at 48 h. Using the information obtained from this review (mean Ϯ SD 48-h opiate consumption, 500 Ϯ 300 mg by mouth) and an estimated treatment effect of a 40% reduction in postoperative analgesic requirements, 4,5 two-tailed hypothesis testing resulted in the conclusion that we would need 48 participants per group (96 total participants) to achieve a power of 0.9 to detect a 40% treatment effect with favorable type I error rates. Statistical Analysis. The primary outcome was total morphine consumption (in terms of intravenous morphine equivalents) during the first 48 h after the procedure. Secondary outcomes included visual analog scores during the first 48 h and at 6 weeks, 6-week morphine equivalents, hemodynamic changes from baseline in the intraoperative and 48-h postoperative periods, duration of PACU and hospital stay, and differences in adjunctive and conservative measures at 6 weeks compared with preoperative patient reports. The primary comparison was an unadjusted analysis using an unpaired Student t test. Categorical binary outcomes were compared using Fisher exact test. A multivariate regression approach was then undertaken to assess the impact of potentially confounding covariates. We transformed 24and 48-h morphine consumption on the log scale to achieve normality and equal variance, because the distribution of preoperative morphine consumption was not normal. We applied standard graphical and computational diagnostics to determine adequacy of model fit. Binary variables were modeled in a similar fashion using generalized linear models with a logistic link and correction for overdispersion. These variables were reported in their original metric for descriptive purposes. Dependent variables, such as the number of side effects, were treated using ordinal generalized linear models. We considered missing as missing at random. Results were presented using 95% confidence intervals. A P value of less than 0.05 was taken to indicate statistical significance. No correction was made for multiple comparisons, because comparisons other than the primary outcome were considered exploratory. Our group has had extensive experience using STATA software (Stata Corporation, College Station, TX) for data analysis. This package was sufficient for all the analyses described above.
Results
Three hundred and one patients with chronic back pain scheduled for elective lumbar surgery requiring hospital admission were screened over a 2-yr period. Of these patients, 165 (55%) were eligible for enrollment. Of 165 eligible patients, 101 (61%) were randomized to one of the two treatment groups. There were no significant differences in terms of age, sex, and number of surgical spine levels in those patients enrolled and those that declined (data not shown). Less than 10% of the data pertaining to the primary outcome (morphine consumption during the first 48 h) was missing in the final analysis. Missing data were due to unanticipated early patient discharge with equal numbers in both treatment groups. No patients enrolled in the study were excluded from the primary analysis.
As shown in table 1, patients in both the treatment and placebo group were comparable preoperatively. Patients reported similar pain, daily opiate use, and conveyed a similar degree of mental health, as reflected in the mental component score.
Patients in the treatment and control groups were also comparable in the operating room (table 2), PACU (table 2) , and hospital ward (table 3) environments. Significant differences between groups included only that (1) patients in the treatment group required 24% less intraoperative opiate medications (67 Ϯ 44 mg, placebo; 51 Ϯ 27 mg, treatment) and (2) patients in the treatment group received nonsteroidal adjunctive medications intraoperatively more frequently (6.0%, placebo; 26%, treatment; P ϭ 0.006).
As shown in table 4, patients in the treatment group consumed 37% less morphine on average during the 48-h postoperative period (309 Ϯ 341 mg, placebo; 195 Ϯ 111 mg, treatment; P ϭ 0.029) and 30% less morphine on average during the 24-h postoperative period (202 Ϯ 176 mg, placebo; 142 Ϯ 82 mg, treatment; P ϭ 0.032). A subgroup analysis of only those patients who did not receive nonsteroidal medications intraoperatively revealed similar results in terms of the primary outcome of 48-h morphine consumption (323 Ϯ 347 mg, placebo; 203 Ϯ 109 mg, treatment; 37% reduction; P ϭ 0.045). Patients in the treatment group also reported a 26.7% reduction in pain intensity in the PACU (5.6 Ϯ 3.0 cm, placebo; 4.1 Ϯ 3.1 cm, treatment; P ϭ 0.033) and a 26.2% reduction in pain intensity at their first follow-up visit at 6 weeks (4.2 Ϯ 2.4 cm, placebo; 3.1 Ϯ 2.4 cm, treatment; P ϭ 0.026). There was no difference between groups in reported pain intensity (visual analog scores) during the 48-h postoperative period. The reduction in pain intensity at 6 weeks in the treatment group occurred despite a 71% reduction in opiate consumption in the treatment group compared with placebo (2.8 Ϯ 6.9 mg/h intravenously, placebo; 0.8 Ϯ 1.1 mg/h intravenously, treatment; P ϭ 0.041). There were no differences between groups in terms of duration of PACU or hospital stay. There were no significant differences between groups in terms of ketamine or opiate-related side-effects in the acute postoperative period or at the first postsurgical visit (table 5) . Ketamine was not associated with a significant change in heart rate or blood pressure from baseline values during the intraoperative, PACU, or hospital ward periods (data not shown). The timing of the first postoperative visit was no different between groups and averaged roughly 6 weeks, and there was no difference between groups in terms of use of physical therapy (data not shown). An unexpected finding was that all adjunctive medications used by patients at 6 weeks were similar in both groups (data not shown) except that patients in the treatment group used antidepressant agents more infrequently than patients in the placebo group (10.6%, placebo; 0%, treatment; P ϭ 0.023).
An exploratory analysis was completed to evaluate the impact of ketamine stratified according to preoperative morphine use. Intraoperative ketamine reduced 48-h morphine consumption by 52% in patients with morphine equivalents of greater than 0.5 mg/h intravenous (471.3 Ϯ 441.3 mg placebo; 241.3 Ϯ 145.7 mg ketamine; P ϭ 0.031) placebo, whereas it had no effect in patients consuming less than 0.5 mg/h intravenously preoperatively (166.3 Ϯ 86.8 mg placebo; 172.7 Ϯ 83.2 mg ketamine). A similar effect was seen at 24 h (table 6) .
A multivariate linear regression model was used to predict 48-h morphine use. We included preoperative morphine and 48 h morphine consumption using a log scale to account for skewed nature of preoperative morphine use. We also included age, American Society of Anesthesiology Health Classification status greater than II, sex, and the use of nonsteroidal antiinflammatory medications (binary) either preoperatively or in the postoperative period. Residual plots did not demonstrate lack of fit. There was no difference in the estimated effect of ketamine with the covariate-adjusted model.
Discussion
We have demonstrated that intraoperative preventative ketamine reduces opiate consumption in the acute postoperative period by 37% in opiate-dependent patients with chronic pain who are undergoing painful back surgery. In addition, it seems to reduce pain intensity postoperatively in the PACU and at 6 weeks and to reduce consumption of morphine at the first postoperative visit. The findings of this study add considerably to the body of literature pertaining to the efficacy of ketamine in preventative NMDA receptor antagonism.
Intraoperative preemptive and preventative use of lowdose racemic ketamine has been shown to reduce acute postoperative analgesic consumption and pain intensity in opiate-naive patients undergoing a variety of surgical procedures associated with mild to moderate postoperative pain. 4 -5,11-14 Some evidence also suggests that this effect is maintained for a longer period of time. 15 Although these findings have been extrapolated to opiate-dependent patients with chronic pain, the clinical utility and side-effect profile of intraoperative ketamine in such patients is, until now, entirely unknown. 16 Further, because prior studies included opiate-naive patients, opiate consumption in the postoperative period was moderate (less than 40 mg); thus, the reduction in opiate consumption generated by ketamine was small (median reduction, 12.8 mg). 4, 5 As a result, the proven clinical benefit of ketamine in terms of reduction in opiate-related side-effects has been minimal. Finally, the impact of ketamine on opiate tolerance or hyperalgesia has not been well described. 17, 18 The purpose of this study was to determine the efficacy of intraoperative preventative ketamine in opiate-dependent patients with chronic pain. This information is especially valuable because many factors related to chronic pain, such as underlying psychiatric disorders (depression and anxiety), opioid tolerance, and opioid-induced hyperalgesia, make management of acute on chronic postoperative pain difficult to assess and often suboptimal. 19 -21 Even without a history of chronic pain and/or opiate dependence, evidence suggests that postoperative pain continues to be undermanaged. 22, 23 It is well known that poorly controlled acute postoperative pain is associated with cardiopulmonary complications and an increased risk of development of chronic postsurgical pain. 24, 25 Thus, multimodal therapy, including both nonopioid adjunctive medications (ketamine, nonsteroidal antiinflammatory agents, acetaminophen, and anticonvulsants) and opioids is often required in this patient population to minimize potential complications related to suboptimal pain management. 26 As such, it is important that we better understand the clinical utility of these agents so that we may be able to maximize our efforts to improve patient safety, outcomes, and overall satisfaction.
The minimum daily dose of opioid medication that will induce an increased risk of opioid-induced hyperalgesia or tolerance is not known, but it is generally believed that even moderate daily opioid consumption (less than 40 mg by mouth daily) is enough. 16 The average daily opioid use of patients in this study was substantially greater and similar in both groups and falls within the previously reported range for opiate-dependent patients. 6 The exact number of opiatedependent patients presenting for surgery is unknown, but the use of opioids for management of outpatient malignant and nonmalignant pain is increasing, second only to nonsteroidal medications. In fact, 44% of all patients receiving any analgesic agent will be prescribed opioids. 16, 27 Thus, the results of this study may be applicable to a large patient population.
We have demonstrated that preventative ketamine use in opiate-dependent patients with chronic pain reduces total opiate consumption in the postoperative period up to 48 h after surgery. The opiate-sparing effect of ketamine demonstrated in this study is consistent with prior reports in opiatenaive patients but is of greater magnitude (114 vs. 40 mg), allowing a true assessment of the clinical impact of ketamine in terms of reduction in opiate-related side-effects. 4, 5 An interesting finding is that there was much less variation in 24and 48-h morphine consumption in patients treated with ketamine compared with placebo. In addition, the opiatesparing effect of ketamine was greatest during the 24 -48-h postoperative period as opposed to the first 24 h, as previously reported. Further, an exploratory analysis suggests that ketamine may be most efficacious in patients with chronic pain who consume at least 0.556 mg/h morphine intravenously (at least 40 mg by mouth daily). These findings suggest that (1) not all opiate-dependent patients with chronic pain require adjunctive medication such as ketamine, but there is a patient subset that does very poorly without adjunctive therapy that needs to be identified preoperatively; and (2) the molecular mechanism of action of ketamine at the transcriptional and translational level in opiate-dependent patients with chronic pain may be different from that in opiate-naive patients. This requires further study. Patients in the treatment group also required less intraoperative opiate and reported less pain in the PACU, with the reduction in pain intensity significantly greater than previously reported. This may be related to residual sedation and analgesia from ketamine, but when considering the magnitude of the effect, it is most likely a combination of ketamine-related analgesia and diminished hyperalgesia. This premise is supported by prior studies demonstrating an association between increased intraoperative opioid use and more difficult postoperative pain management secondary to opioid-induced hyperalgesia. 28, 29 Finally, because patients in the treatment group achieved a similar degree of pain control with significantly less opioid administration, this may argue for a reduction in opiate tolerance as an additional mechanism of action. 16 We have also shown that ketamine reduced pain intensity and analgesic consumption up to 6 weeks in the postoperative period. This time period of follow-up was chosen because postsurgical pain typically resolves by 4 weeks. 16 As such, a reduction in pain intensity at 6 weeks would represent a potential reduction in chronic postsurgical pain, an outcome of interest to primary care physicians, surgeons, and, increasingly, to anesthesiologists. 30 We believe that the reduction in pain intensity at 6 weeks was most likely due to a combination of reduced central sensitization through NMDA receptor antagonism and improved pain control in the acute postoperative period (PACU). However, the mechanism may be more complex, because patients in the treatment group reported significantly less antidepressant use at the first postoperative visit compared with placebo, and there was no significant difference between groups preoperatively. This finding is not entirely surprising, because intravenous ketamine has been shown to acutely improve symptoms of major depressive disorder, probably as a result of inhibition of both serotonin and norepinephrine reuptake. 31 Although preliminary, this finding requires further evaluation.
The combination of these findings suggests that the efficacy of ketamine in this patient subset is due to a complex mechanism of action, involving not only NMDA and opiate receptors but also the balance between excitatory and inhibitory neurotransmitters. As such, these findings could potentially be extrapolated to the chronic pain patient population. With multiple sites of action and receptor subtypes as supported by this study, one can hypothesize that ketamine might prove to be efficacious as a multimodal therapy in a number of chronic pain states. In fact, some evidence suggests that it is useful in central pain, complex regional pain syndrome, fibromyalgia, ischemic pain, orofacial pain, and acute on chronic neuropathic pain. However, the current evidence consists mostly of small, uncontrolled studies and/or case reports. 18 This is the largest controlled, randomized study confirming both short-and long-term benefits of preventative ketamine use in patients with acute on chronic mixed nociceptive and neuropathic pain. Based on the findings of this study, the next logical step is systematically evaluating the impact of ketamine in patients with chronic, mixed neuropathic, and nociceptive pain who are not undergoing surgery. This would require hospital admission.
Treatment groups were largely comparable preoperatively, intraoperatively, and postoperatively both in the PACU and on the hospital ward. Nonsteroidal and acetaminophen medications were combined in the analysis because prior studies have documented similar efficacy in reduction in postoperative pain and opiate sparing. 32, 33 The only clinically relevant difference between groups was increased intraoperative use of ketorolac in the treatment group. However, a subgroup analysis excluding those pa-tients who received intraoperative ketorolac revealed similar results. Further, the effect of ketamine remained significant despite adjustment for potential confounders such as patient age, sex, preoperative morphine use, and nonsteroidal drug use (preoperative and postoperative). Although it is unclear to what extent preoperative morphine use increases postoperative opiate consumption, 30 and there was no significant difference in morphine use between groups preoperatively, we still thought it prudent to ensure that the effect of ketamine remained despite adjustments for this potential confounder given the complexity of the patient population selected for study. We also adjusted for patient age and sex given a recent report that these, in addition to preexisting pain and anxiety, are important predictors for difficult postoperative pain management in the general operative patient population. 34 However, predictors for postoperative pain and morphine consumption in opiate-dependent patients with chronic pain are not yet known.
All analyses beyond the primary outcome (48 h postoperative morphine consumption) were secondary and should be interpreted with caution. Further study should be done to assess the relative efficacy of intraoperative, racemic ketamine in patients with varying degrees of preoperative pain, anxiety, depression, morphine consumption and in patients with different subsets of chronic pain (neuropathic vs. somatic).
In conclusion, we have rigorously tested the efficacy of ketamine in opiate-dependent patients with chronic back pain undergoing painful surgery. The findings of this study confirm that intraoperative use of preventative ketamine reduces postoperative opiate consumption in this patient population. The results also suggest that its use is beneficial for these patients in terms of reducing both acute postoperative and postsurgical chronic pain. Further, ketamine may be most efficacious in patients who consume higher amounts of preoperative opiate medications. The benefit of intraoperative ketamine is without an apparent increase in side effects and is likely due to a combination of a reduction in central sensitization via NMDA receptor antagonism, reduction in opiate tolerance, and some impact on the balance of neurotransmitters. For these reasons, low-dose ketamine should be considered as part of multimodal therapy for all patients with chronic pain who are undergoing painful surgery.
